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Abstract 
Quantized spin-wave known as magnon, a bosonic quasiparticle, can drag electrons or holes via s-
d exchange interaction and boost the thermopower over the conventional diffusive thermopower. 
P-type magnon-drag thermopower has been observed in both ferromagnetic and antiferromagnetic 
metallic and degenerate semiconductors. However, it has been less reported for intrinsic or n-type 
magnetic semiconductors; therefore, the impact of magnon-bipolar carrier drag on thermopower 
has remained unexplored. Here, a theoretical model for magnon-bipolar carrier drag thermopower 
is derived based on the magnon-carrier interaction lifetimes. The model predicts that the bipolar 
carrier drag thermopower becomes independent of both the carrier and magnon relaxation times. 
A proof of concept experiment is presented that confirms this prediction. We also report the 
observation of magnon-carrier drag thermopower in n-type and intrinsic ferromagnetic 
semiconductors experimentally. The p-type antiferromagnetic MnTe is doped with different 
amounts of Cr to produce non-degenerate and n-type semiconductors of various carrier 
concentrations. Cr dopants have a donor nature and create ferromagnetic-antiferromagnetic 
clusters due to the Cr3+ oxidation state. Heat capacity measurements confirm the presence of 
magnons in Cr-doped MnTe. It is shown that the magnon-drag thermopower is significantly 
reduced for 3%-5% Cr-doped samples due to bipolar drag effects and becomes negative for 14% 
and 20% Cr-doped MnTe due to dominant magnon-electron drag thermopower.  
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Introduction 
Coupling between spins or spin-wave with the charge carrier in the presence of phonon can give 
rise to some exciting entropy transport phenomena like magnon-electron drag [1,2], paramagnon-
electron drag [3,4], spin-entropy [5,6], spin-fluctuation [7,8], etc., which offer routes to design 
high-performance spin-based thermoelectric materials. The spin degree of freedom can exist in 
different forms, the spin of electrons (conduction or valence electrons), spin of the lattice ions, and 
the spin waves (magnons) or spin-wave packets (paramagnons) resulted from the precession of the 
spin of the lattice ions. The coherent fluctuation of the long-range ordered localized spins form 
magnons, the bosonic quasi-particles of the quantized spin-wave, which can interact with the 
charge carriers in magnetic materials like ferromagnets (FM) or antiferromagnets (AFM) and lead 
to a magnon-enhanced thermopower [9]. The improvement of the thermopower due to the magnon 
electron drag near the magnetic transition temperature has been reported in several long-range 
ordered systems [1,2,4,10,12]. Recently, a significant spin contribution to thermopower in MnTe 
far above the Néel temperature was reported, which was associated with the paramagnon-drag 
effect [3,4,13,14]. Like magnon and paramagnon drag, spin entropy and spin fluctuation in a 
system has also led to significant enhancement of the thermopower [5-8]. 
It should be noted that these effects may be fundamentally related. These advantageous spin-
caloritronic effects boost the investigations on magnetic and paramagnetic semiconductors for the 
development of high-performance thermoelectric materials [10-14]. To accelerate the search for 
better magnetic or paramagnetic semiconductors for thermoelectric applications, one should know 
the general thermoelectric performance trends in different types of material systems, such as 
intrinsic and extrinsic semiconductors. Till now, magnon-drag thermopower has been reported for 
mostly p-type semiconductors and rarely reported for n-type and intrinsic semiconductors. 
Therefore, the effects of magnon-drag in bipolar conduction systems remains unknown. In this 
work, we explored the impact of magnon-bipolar carrier drag on thermopower both theoretically 
and experimentally. We found that thermopower is significantly reduced due to the presence of 
magnon-bipolar carrier drag. We demonstrated the thermopower trends of Cr-doped MnTe as a 
case study to provide experimental support for the theoretical findings. 
Among magnetic semiconductors, manganese telluride (MnTe), with NiAs hexagonal crystal 
structure, has been widely studied as an antiferromagnetic semiconductor doped with different 
materials [4,13-16]. In particular, p-type Li doped MnTe with the Néel temperature TN~307K has 
shown a significant zT enhancement due to the spin-caloritronic effects [4,13,14]. Magnetic 
dopants from transition metal (TM) elements can further modify the electronic and magnetic 
properties of MnTe [17-19]. However, their effects on thermoelectric properties have not been 
studied much in the literature [18]. Among the TM dopants, Cr-doped MnTe is mostly considered 
due to its high solubility into MnTe [17-20]. MnTe and CrTe are both isostructural to NiAs system 
with about similar c/a ratio [17-19]. CrTe is a ferromagnetic semiconductor with a Curie 
temperature of 342 K [18,19]. CrTe and Cr-rich MnTe have metallic conduction with a small 
negative Seebeck coefficient [18]. Cr-doping can induce ferromagnetic ordering into the 
antiferromagnetic MnTe [21], which is also observed in some other Cr-doped materials [22]. In 
the Mn1−xCrxTe system, Mn-Mn and Mn-Cr couplings favor antiferromagnetic behavior, while Cr-
Cr coupling favors ferromagnetic behavior [19,23]. Both bond-length and bond angles also 
determine the nature of the couplings [20]. With sufficiently high Cr concentrations, Cr-Cr 
ferromagnetic interactions are favored by hole-mediated exchange interaction [19,24]. Moreover, 
the common oxidation state of Cr+3 can introduce n-type carriers into p-type MnTe [25], which 
can provide the bipolar conduction into MnTe system. Therefore, Cr is the right candidate to 
demonstrate the theoretically predicted magnon-bipolar carrier drag effects on thermoelectric 
performance. However, Cr-Cr ferromagnetic interaction can be a roadblock to observe the 
magnon-bipolar drag effect due to the suppression of the antiferromagnetic magnons of MnTe. For 
the detailed investigation, x% Cr-doped MnTe samples were synthesized with different x values 
ranging from 3 to 20. All samples were characterized versus their electrical, thermal, optical, and 
magnetic properties along with their thermoelectric properties. A detailed discussion is given to 
highlight the effects of Cr doping in the spin-mediated transport properties of MnTe, and a 
comparison is drawn for the thermoelectric performances of x% Cr-doped and undoped MnTe 
systems. In particular, the bipolar magnon drag is demonstrated for the first time and discussed 
regarding this material system.     
Formulation of the magnon-bipolar carrier drag thermopower in intrinsic semiconductors 
Bipolar carrier transport in semiconductors can be obtained by tuning the Fermi level with external 
stimuli like the electric field, magnetic field, heat, or doping [26,27]. Bipolar effect on transport 
properties is generally more significant in narrow bandgap and intrinsic semiconductors [28]. 
Bipolar conduction may exist at low temperature in intrinsic semiconductors as well as at high 
temperature due to the thermal carrier excitation [28]. Generally, electrical conductivity and 
thermal conductivity are enhanced due to the bipolar conduction, while the thermopower is 
reduced. It is worth noting that enhancement in electrical conductivity and thermal conductivity 
due to bipolar conduction happens for those systems where the intrinsic condition is attained by 
tuning the Fermi level without doping. In the doped samples, depending on the type of dopant, the 
electrical conductivity may increase by adding more carriers or decrease by compensating the 
carriers of the opposite charge. Moreover, doping can reduce the carriers’ mobility by introducing 
ionized impurity scattering. On the other hand, thermopower always suffers from the bipolar effect 
due to the opposite charge of the bipolar carriers and due to the diffusion of both carriers in the 
same direction. 
Different types of bipolar transport properties are illustrated in Figure 1. All the bipolar effects on 
transport properties except magnon-bipolar carrier drag are well known and have been 
theoretically and experimentally studied for different material systems [28,29]. In this work, we 
have formulated the magnon-bipolar carrier drag thermopower for the intrinsic magnetic 
semiconductors. As shown in the figure, the magnon-carrier drag nature resembles the phonon-
carrier drag. Unlike the carrier diffusion due to the thermal gradient, in magnon-carrier drag, 
carriers are dragged by the magnon flux, which is caused by the thermal fluctuation of local 
magnetic moments in a magnetically ordered system. Both electrons and holes can be coupled with 
the magnon flux by s-d or p-d exchange interaction and can be dragged by magnons in the same 
direction as the magnon flux, which always follows the heat flow. The interaction between 
magnons and carriers is determined by the magnon-carrier scattering mechanisms, namely 
magnon-magnon scattering, magnon-on-electron scattering, and electron-on-magnon scattering. 
Magnon-magnon scattering includes all the magnon related scattering, magnon-on-electron 
scattering considers only the scattering of magnons by electrons, and electron-on-magnon 
scattering only considers the scattering of electrons by magnons. Magnon-bipolar carrier drag is a 
mixed effect, as the total thermopower has contributions from both diffusion and drag, where the 
scattering mechanisms related to the magnon-carrier drag can affect both of them. In this work, 
we are only considering the magnon-drag effect. Hence, here the drag thermopower in the 
formulation is always referring to the magnon-drag thermopower. 
 
 From the fundamental theory of diffusion and drag thermopower in intrinsic semiconductors, we 
can write the following expressions with modifications for the thermopowers due to diffusion and 
magnon-carrier drag [9,28,29]: 
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Here, n is the carrier concentration, r is the electronic scattering parameter, m* is the effective 
carrier mass, c is the magnon group velocity, T is temperature, τm is the magnon lifetime due to all 
scatterings but charge carriers (magnon-magnon scattering), τem is the charge carrier relaxation 
time due to scattering by magnons (carrier-on-magnon scattering), and τme is the magnon relaxation 
time due to scattering by charge carriers (magnon-on-carrier scattering). 𝜂 = 𝑙𝑛
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𝑛
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Figure 1: Impact of bipolar effects due to diffusion, phonon-drag and magnon-drag on the thermopower, electrical 
conductivity and thermal conductivity: Thermopower reduces, while electrical and thermal conductivity increase. 
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) is considered as the reduced 
kinetic energy of the carriers. Similar expressions can be written for holes with a positive sign. In 
bipolar semiconductors, thermopower has contributions from both electrons and holes, and can be 
written as, 
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n and p subscripts refer to the electrons and holes, respectively. The electrical conductivity, σ, has 
contributions from both the diffusion and magnon-carrier drag, i.e.: 
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Where,τ0 is the carrier relaxation time due to all scatterings, except magnons. The 2
nd term with 
the relaxation times ratio is due to the magnon drag second-order effect, as discussed for the 
thermopower. The inclusion of this term is to consider the momentum returned by the magnon 
system to electrons, which enhances the electron mobility. The expression of the electrical 
conductivity is simplified further with the assumptions that τm ≫ τme and τe0 ≫ τem at T ≤ Tc. 
Similar expressions are valid for holes.  
Inserting the corresponding terms into the expression for ∑𝑑𝑖𝑓𝑓 and ∑𝑑𝑟𝑎𝑔: 
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Considering, τm ≫ τme, ∑
𝑑𝑖𝑓𝑓 can be simplified to: 
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For non-degenerate semiconductors, 
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electrons and holes, we can write, 
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Applying a similar condition of τm ≫ τme for the drag term, we will get: 
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σn + σp can also be simplified with the consideration of τ𝑒0 ≫ τ𝑒𝑚, 
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Inserting (8), (9) and (10) into (3), we can get the total thermopower expression for non-degenerate 
semiconductors, 
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This is the expression for the total thermopower of an intrinsic magnetic semiconductor. Two 
important conclusions can be drawn from the above thermopower relation: (i) the magnon-bipolar 
carrier drag effect significantly reduces the total thermopower compared to the thermopower of 
extrinsic magnetic semiconductor, and (ii) the total thermopower of intrinsic magnetic 
semiconductor is independent of the carriers and magnon scattering times. This indicates that the 
magnon-bipolar carrier drag effect in any magnetic semiconductor depends mainly on the carrier 
concentration, the effective masses, and the scattering exponent. The scattering exponent depends 
on the type of scattering mechanisms present in the system, and it can be temperature-dependent. 
The relaxation time, however, which is also temperature-dependent, depends on many parameters 
besides the scattering exponent, such as the number of scattering centers, the effective masses, and 
the carrier energy. Therefore, the scattering exponent and the relaxation time can have different 
impacts on the total thermopower, including the magnon-drag thermopower. According to the total 
thermopower expression, magnon-bipolar carrier drag reduces the total thermopower, which can 
come from the reduction of both diffusion and drag thermopower. Equating 11 to zero, one can 
find the conditions under which the total thermopower becomes zero due to magnon-bipolar carrier 
drag. Such a situation depends only on the mentioned parameters, i.e., the carrier concentration, 
the effective masses, and the scattering exponent irrespective of the scattering times present in the 
system. It should be noted that different magnon and electron related scatterings can happen in 
magnetic semiconductors like magnon-magnon, electron-electron, magnon-on-electron, and 
electron-on-magnon scatterings, but none are entering in equ. 11. 
Experimental Evidence for Magnon-bipolar Carrier Drag 
We have studied several x% Cr-doped MnTe samples (x = 3, 4, 5, 14, and 20) to demonstrate the 
magnon-bipolar carrier drag effect on thermopower experimentally. Details on material synthesis 
and characterization are discussed in the appendix. To investigate the magnon-bipolar carrier drag 
effect on thermopower, we will check for the existence of magnons in the system, determine the 
intrinsic carrier conduction nature, and analyze the thermoelectric transport properties. We will 
use the heat capacity data to observe the presence of magnons in the system, and the magnetic 
susceptibility data to understand the magnetic nature of the samples and to check for any magnetic 
phase impurities. We present the temperature and field-dependent magnetic susceptibility data for 
doped and undoped MnTe to determine the magnetic nature as well as to probe probable magnetic 
impurity phases. The heat capacity data for the synthesized samples are discussed in the following 
subsection to demonstrate the presence of magnons and other magnetic contributions if they exist. 
Hall carrier concentration is measured and reviewed to support the bipolar conduction type of the 
samples. Then, the thermoelectric transport data is presented to demonstrate the impact of the 
magnon-bipolar carrier drag effect on the thermopower of the synthesized samples.  
MnTe is a p-type antiferromagnetic semiconductor with the Néel temperature of TN~307K and a 
direct optical bandgap of around 1.25eV (see appendix). With the addition of Cr as a dopant into 
MnTe, n-type carriers can be introduced by substituting the host Mn2+ ions by Cr3+ ions, the 
common oxidation state of the Cr. Moreover, Cr ions can introduce the ferromagnetic phase into 
an antiferromagnetic MnTe host, which can be attributed to three probable reasons: (i) clusters of 
ferromagnetic/antiferromagnetic phases, (ii) a canted ferromagnetic structure, and (iii) a hole 
mediated exchange interaction. Due to the introduction of n-type carriers in p-type MnTe, Cr-
doped MnTe is an ideal material system to achieve intrinsic magnetic semiconductors. As 
mentioned earlier, the bipolar nature in Cr-doped MnTe does not enhance the total carrier 
concentration, as Cr3+ ions are mainly compensating the carrier contribution from Mn2+ ions.  
Figure 2: (a) and (b): Temperature dependent zero-field cooled magnetic molar susceptibility and its inverse, 
tespectively, for MnTe-x%Cr samples. (c) and (d): Zero-field and field cooled temperature dependent magnetic 
susceptibility of MnTe-4%Cr and MnTe-20%Cr, respectively. Susceptibility measurement is performed at 1000 Oe. 
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Magnetic Nature of Cr-doped MnTe Samples 
Figure 2(a) and (b) show the zero-field cooled (ZFC) magnetic molar susceptibility and its inverse 
for the different samples as a function of temperature, respectively. Figure 2(c) and (d) 
demonstrates temperature-dependent zero-field cooled (ZFC) and field-cooled (FC) magnetic 
molar susceptibility for MnTe-4%Cr and MnTe-20%Cr. The FC measurements were performed 
under the 12 T magnetic field. According to the magnetic susceptibility plots, MnTe is anti-
ferromagnetic with a Néel temperature of approximately ~307K whereas MnTe-3%Cr, MnTe-
4%Cr, MnTe-5%Cr, MnTe-14%Cr, and MnTe-20%Cr are ferromagnetic with a Curie temperature 
of around 174K, 259K, 278K, 337K, and 295K, respectively. The variations in the inverse 
magnetic susceptibility of MnTe-3%Cr indicate the co-existence of FM and AFM clusters. Here, 
Curie temperatures are calculated from the inverse magnetic susceptibility using Curie-Weiss law, 
𝜒 = 𝐶 (𝑇 − 𝑇𝑐)⁄ , where χ is the magnetic susceptibility and, C is the Curie constant. A comparison 
table for Curie temperatures is given in the appendix with respect to the previously reported values 
[18,19,24]. The difference in transition temperatures with the values reported in the literature may 
be attributed to the presence of the small amount of a magnetic impurity phase as seen in the XRD 
data (see appendix), the co-existence of ferromagnetic and antiferromagnetic clusters  [20], the 
calibration tolerance of the temperature sensors on either equipment or a combination of these 
effects. The estimated parameters of the Curie-Weiss law for MnTe-x%Cr samples are 
summarized in Table 1.  
Table 1: Parameters of Curie-Weiss Law for MnTe-x%Cr samples 
Sample MnTe MnTe-3%Cr MnTe-4%Cr MnTe-5%Cr MnTe-14%Cr MnTe-20%Cr 
C 
(emu/K/Mole) 
4.2 0.24 0.33 0.387 0.57 6.03 
Tc/θ (K) 305/583 174 259 278 337 295 
μeff (μB) 5.79 1.38 1.62 1.76 2.14 6.9 
S 2.44 0.35 0.45 0.51 0.68 3 
Hc (T) at 3K -- 0.17 0.11 0.34 at 3.5K 0.24 0.05 
Br(emu/mole) 
at 3K 
-- 23.98 123.48 153.02 at 3.5K 609.16 625 
 
The magnetic moment of Cr-doped MnTe samples is increased with the increase of Cr doping, 
which can be coming from the formation of FM Cr-Cr exchange interaction, FM-AFM clusters, 
or the weak AFM Mn-Mn exchange interaction due to the low-spin (LS) state of Mn2+ ions caused 
by the Cr-induced high crystal field (see Figure 3).  
Cr-doping can create a FM impurity magnetic phase domain into the AFM MnTe (see Figure 3). 
CrTe magnetic phase impurity is also FM. If such impurity domains are small enough, they may 
have a superparamagnetic character and impact the overall magnetic properties of the samples. To 
investigate potential superparamagnetism existing in the Cr-doped MnTe samples, we measured 
the FC magnetic moments for both low-doped (4%Cr) and high-doped (20%Cr) samples. 
Considering the data shown in Figure 2 and Figure 4, one can see that FC and ZFC magnetic 
susceptibilities do not display any considerable change in the temperature-dependent magnetic 
nature of both 4%Cr and 20%Cr-doped MnTe samples. The field-dependent saturation 
magnetization does not show any feature of superparamagnetism for the Cr-doped MnTe either. 
Therefore, it is unlikely that potential FM impurities are adding any significant superparamagnetic 
contribution to the overall magnetic nature of the Cr-doped MnTe.  
 
According to the table, Curie constant, Curie temperature, effective magnetic moment, and spin 
number of MnTe-x%Cr increases with x (x≠0). MnTe and MnTe-20%Cr show different trends. In 
MnTe, Mn2+ ions have a high spin state with an ideal spin number of 2.5 (note that zero-field 
splitting causes a lower spin number than ideal). Low spin numbers of MnTe-x%Cr, except for 
x=20, can be arisen from the induced low spin state of Mn2+ due to the excess crystal field created 
by Cr3+ ions. This further indicates that Cr has substituted Mn in the lattice. Anomalies observed 
in Curie-Weiss law for MnTe-20%Cr may be caused by the formation of the clusters into MnTe, 
complex magnetic dipole-dipole interaction between Mn-Mn or Mn-Cr ions, or the canted 
FM/AFM structures. Moreover, the existence of short-range or mid-range Cr-Cr ferromagnetic 
correlation in MnTe-20%Cr above the transition temperature (observed in Figure 4) may also arise 
the anomaly. The coercive field (Hc) and residual magnetic moment (Br) are determined from 
Figure 4, which demonstrates the magnetic moment versus magnetic field (M-H) characteristics 
of MnTe-x%Cr samples. M-H characteristics are measured within the range of -12T to 12T at 
different temperatures in the FM/AFM and PM regimes. As expected, all MnTe-x%Cr samples, 
except MnTe, show saturation at higher fields. For MnTe, no saturation is observed. MnTe shows 
a different M-H trend without any hysteresis loop in the -12T to 12T range within the AFM 
temperature range. In general, magnetic moment (emu/mole) increases with the increase of Cr 
doping due to the presence of strong FM Cr-Cr bonding and weak AFM Mn-Cr bonding. Both Cr-
Cr and Mn-Cr bonds reduce the moment of the AFM Mn-Mn bond. All the FM samples show 
hysteresis characteristics with certain coercivity and retentivity (listed in Table 1). The residual 
magnetic moment of MnTe-x%Cr samples (x>0) increases with x. All samples except MnTe-
14%Cr and MnTe-20%Cr show linear M-H relation in the paramagnetic temperature regime.  Both 
MnTe-14%Cr and MnTe-20%Cr show FM behavior in the paramagnetic temperature range, which 
can be attributed to the existence of FM polarons due to the short-range ferromagnetic correlation 
that can exist above the transition temperature [30].    
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Figure 3: Illustration of possible reasons for variations in the magnetic moment of Cr-doped MnTe samples. 
Magnetic Phase 
Impurity 
Mn 
Cr 
Both magnetic moments versus temperature and magnetic field demonstrated that Cr-doping 
introduces ferromagnetism in antiferromagnetic MnTe. Ferromagnetism in MnTe-x%Cr can have 
three possible explanations; magnetic frustration due to the competition between FM and AFM 
exchange interaction, deviation of the magnetic structure from AFM to a canted-spin structure, 
and the spin-polarized hole-mediated ferromagnetic interaction [19,23,24,31]. When Cr ions with 
the high spin configuration of d4 substitute Mn ions, p-d hybridization between p-orbitals of Te 
atom and the d-orbitals of Cr introduces spin-polarized holes, which can control the FM coupling 
among neighboring Cr ions [24]. In MnTe, AFM behavior comes from the spin-configuration of 
Mn ions where Mn d-orbitals of majority-spin (spin-up) are fully occupied with the high-spin 
configuration of d5 (Mn2+) and the minority-spin (spin-down) d-orbitals are empty [19,24].  
The spin-spin interaction is expected to be dependent on the location of the Mn d-orbital with 
respect to the valence band maxima [24]. The p-d and s-d exchange interaction between carriers 
and spins plays a vital role in determining the magnetic properties of dilute magnetic 
semiconductors (DMS) [24]. The net value of the Mn-Mn exchange constant within the nearest-
neighbor shell is mainly determined by a hole-induced ferromagnetic interaction and the intrinsic 
short-range antiferromagnetic superexchange interactions [19,24]. At the low amount of Cr 
concentration, the introduction of ferromagnetic interaction dominates over the antiferromagnetic 
ground state. With the increase of Cr, the antiferromagnetic ordering in the system is completely 
Figure 4: Magnetic moment versus magnetic field at different temperatures for MnTe-x%Cr samples. 
lost [19]. Cr doping can also deteriorate the sp-d exchange, which can reduce the metallic behavior 
of the system [19]. 
Besides the hole-controlled FM interaction, canted FM structure into AFM may also exist in the 
bulk samples where substitution of Mn-ions by Cr-ions with d3 configuration can create small 
clusters of FM phases. Therefore, the inclusion of Cr can provide manifold modifications in the 
host Mn-Mn AFM bonding (Figure 3), i.e., Cr can create weak Mn-Cr AFM/FM bonding, Cr can 
introduce Cr-Cr FM bonding, which should be less probable in lower Cr concentration, or Cr can 
modify the bond length and angle, which can create a canted FM structure into AFM ordering. 
Based on the magnetic properties, it can be concluded that both FM and AFM phases exist in Cr-
doped MnTe samples, where FM clusters have a dominating magnetic moment over the AFM 
moment of MnTe. 
Heat Capacity Trends in Cr-doped MnTe: Evidence for Magnons 
Thermodynamically, thermopower is the amount of the entropy carried by the charge carriers. Heat 
capacity is considered as one of the effective methods to trace the existence of different entropy 
carriers, namely phonons from the quantized wave of lattice vibration, dilation from thermal 
expansion of lattice, Schottky from the lifting of the degeneracy of ions, and magnons from the 
quantized spin-wave [32]. Heat capacity is also a sensitive measurement of magnetic phase 
impurities, which can cause anomalous features in heat capacity due to the formation of localized 
moments [33]. Therefore, heat capacity measurements were performed on MnTe-5%Cr and MnTe-
14%Cr along with undoped MnTe to probe the existence of magnons and other possible magnetic 
phase impurities. Figure 5 illustrates the comparison of the specific heat capacity (Cp) for the 
undoped, 5%, and 14% Cr doped MnTe.  
In MnTe, heat capacity contributions are primarily due to the lattice, dilation, Schottky, and 
magnons [32]. Magnon heat capacity of MnTe shows a sharp peak at around ~307K, which is also 
the Néel temperature of MnTe. Interestingly, all the Cr-doped MnTe samples also show a similar 
peak at around the same temperature, with a slight reduction in the peak value. To determine the 
magnon heat capacity contribution in Cr-doped MnTe, we have theoretically determined the non-
magnonic heat capacity contributions from lattice (Cv), dilation (Cd), and Schottky (CSc) based on 
the parameters of MnTe (shown in Figure 5) [32]. From the heat capacity trends of Cr-doped 
MnTe, non-magnonic heat capacity contributions are expected to be the same for all the samples 
because of low doping concentration, the insignificant contribution from Schottky (<3% of total 
heat capacity [32]) and iso-structure of MnTe and CrTe. Therefore, we can state that the difference 
in the heat capacity between doped and undoped MnTe is coming from the difference in magnon 
heat capacity contribution. The reduction in magnon heat capacity of Cr-doped MnTe can be 
attributed to the suppression of the antiferromagnetic magnons caused by the weak Mn-Mn 
exchange interaction due to the low-spin (LS) state of Mn2+ in Cr-doped MnTe. In undoped MnTe, 
Mn2+ ions have a high-spin (HS) state (shown in Figure 5). The spin state and spin number of Mn2+ 
in undoped and doped MnTe are also confirmed by the magnetic measurements. The decline of 
the magnon contribution into heat capacity can also be caused by the decrease in the AFM MnTe 
phase due to the introduction of the FM phase by Cr-doping. As no other peaks appear at FM 
transition temperatures of Cr-doped MnTe, this suggests that the broad and large peak of AFM 
magnon is masking the small FM magnon contribution.  
The Field-dependent heat capacity of the Cr doped MnTe is performed at 12T fields and 
demonstrated in Figure 5. Field-dependent heat capacity can sometimes illustrate the presence of 
both AFM and FM magnons. AFM and FM magnons show different trends depending on the 
thermal energy and material properties like spin-wave stiffness, exchange energy, spin number, 
and magnetization [1]. Under the magnetic field, heat capacity from AFM magnons mostly 
remains unchanged due to its high spin-flop field. In contrast, FM magnons can be quenched by a 
high magnetic field depending on the material properties and the temperature [1,34]. As those 
particular properties were not available for the materials under study, we performed the field-
dependent heat capacity measurement in the temperature range of interest to check for any 
differences or the quenchable FM magnons. Here, a more important note is that there are some 
possible Cr-based impurity phases apart from CrTe (TC~342K), such as Cr2Te3 (TC~180K), Cr5Te8 
(TC~220K), and Cr3Te4 (TC~330K). Though we did not see any traces for them in the XRD data, 
they could still appear in the heat capacity if they existed in small quantities. This is especially 
important as the magnon-bipolar carrier drag exists at a range of temperatures that overlaps with 
possible contributions from the low- or high- temperature FM impurity phases if they lived in the 
system. Cr2Te3 and Cr5Te8 have TC far from TN of MnTe, and the heat capacity data does not 
indicate the presence of FM magnons from these phases. However, CrTe and Cr3Te4 have TC near 
TN of MnTe. The field-dependent heat capacity data, however, does not indicate any noticeable 
impacts on the AFM magnons if such phases existed in the system. Therefore, we can ignore 
contributions from such potential FM phases to the magnon-bipolar carrier drag studied here.  
 
Both magnetic susceptibility and heat capacity trends of Cr-doped samples suggest the presence 
of both FM and AFM clusters with insignificant contributions from other possible magnetic phase 
impurities. As in Cr-doped MnTe, long-range ordering is still dominated by the AFM ordering; 
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Figure 5: (Left) Heat capacity (Cp) of MnTe, MnTe-5%Cr, and MnTe-14%Cr from experiment along with 
estimated lattice, dilation and Schottky heat capacity contributions for MnTe. (Right) Cp of MnTe at 0T, MnTe-
5%Cr and MnTe-14%Cr at 0T and 12 T magnetic field within 200K-400K range with the illustration for HS and 
LS electronic configurations in MnTe and MnTe-5%Cr, respectively.  
similar magnonic contribution into Cp with reduced peak value was observed in MnTe-x%Cr 
samples. The heat capacity analysis for Cr-doped MnTe samples implies that the major difference 
in the heat capacity of MnTe-x%Cr compared to MnTe is due to the differences in the AFM 
magnon system. Both the lower exchange interaction energy in MnTe-x%Cr due to LS Mn2+ and 
FM-AFM clustering can cause a reduction in the magnonic heat capacity. The quantitative analysis 
of MnTe-x%Cr requires separate attention, which is beyond the scope of this article. At higher 
temperatures (>400K), Cp is approximately constant at around 0.28 J/g-K according to the Dulong-
Petit limit. 
Hall Properties of Cr-doped MnTe: Evidence for Bipolar Nature 
To determine the carrier transport nature in Cr-doped MnTe, we performed the Hall measurements 
using Van-der-Pauw method on pristine MnTe, 4% Cr-doped, and 20% Cr-doped MnTe samples 
under 0 T and 12 T magnetic field. Sheet resistances were calculated from the data at 0 T, and the 
Hall coefficients (RH) were obtained under 12T. Hall carrier concentration is directly derived from 
RH using the relation of 𝑛𝐻 =
1
𝑒𝑅𝐻
⁄ , where e is the charge of carriers. This relation gives the net 
carrier concentration and is applicable to both single and two carrier systems; hence, it can 
demonstrate both the intrinsic and extrinsic carrier nature of the materials. The type of Hall carrier 
is determined from the sign of the Hall voltage. The carrier concentration obtained from the Hall 
measurement is illustrated in Figure 6. Hall mobility can easily be calculated from the resistance 
and carrier concentration for a single carrier type system, but the calculation of Hall mobility for 
the intrinsic system requires carrier effective mass information. Therefore, the estimation of the 
Hall mobility for 4%Cr-doped MnTe using a single carrier model can be misleading. Since the 
carrier mobility is not an essential factor to support the theoretically formulated magnon-bipolar 
carrier drag thermopower, we have discussed it in the appendix.  
As shown in Figure 6, MnTe shows p-type dominant carrier conduction, and 20%Cr-doped MnTe 
shows n-type dominant carrier concentration. Hall parameters of the pristine MnTe follow the 
trends reported in [13]. 4%Cr-doped MnTe has lower carrier concentration with a temperature-
dependent increment trend, which is attributed to the intrinsic carrier nature. The bipolar carrier 
concentration and electrical conductivity generally increase in intrinsic materials due to the 
thermal excitation of electron-hole pairs. However, in the case of doped samples, the dopants with 
carriers of opposite charge can compensate for the carrier contribution from the host leading to 
less carrier concentration and intrinsic nature. 
Similarly, Cr-doping is not enhancing the number of carriers in low Cr-doped MnTe but makes 
the sample less p-type by compensating the acceptor centers and reducing the number of holes. In 
other words, Cr is neutralizing some p-type acceptors to provide overall a smaller number of 
carriers. As such, the samples with low Cr doping approach the intrinsic regime, where the bipolar 
carriers (electron-hole pairs) due to the thermal excitation are the dominant carriers. At high 
enough Cr doping, the sample becomes n-type with electrons dominating the transport properties. 
Overall, the p-type electrical conductivity of MnTe decreases with the increase of Cr-doping while 
n-type conductivity is increased.  
 Both carrier concentration and Hall voltage of MnTe-20%Cr show a discontinuity at around 40K, 
which indicates the p-type to n-type conversion. Similar types of carrier concentration switching 
were reported in previous literature [35]. After the conversion, MnTe-20%Cr remains n-type with 
a higher carrier concentration than MnTe. Interestingly, MnTe-4%Cr shows two discontinuity 
points in both carrier concentration and Hall voltage at around 50K and 85K. The former can be 
attributed to p-type to n-type conversion, while the latter indicates switching back from n-type to 
p-type above 85 K. This type of Hall voltage trend is also an indicator of the electronic transport 
contributions from both n-type and p-type carriers; hence, the near intrinsic nature of the sample 
[36]. Once the electrons donated by Cr ions compensate the holes from the acceptor centers in 
MnTe, the overall carrier concentration drops rapidly. It then increases linearly (in log scale) with 
the temperature, which is attributed to the exponential thermal excitation of the bipolar carriers. 
The sharp drop of the carrier concentration in MnTe-4%Cr evidences the hypothesis that Cr-
doping compensates the acceptor centers of MnTe by introducing n-type carriers; hence, resulting 
in an intrinsic nature into low Cr-doped MnTe. It should be noted that the intrinsic Mn-vacancies 
in MnTe and the multiband structure of Cr-doped MnTe can lead to complex carrier transport as 
well as different scattering mechanisms along with the anomalous Hall effect due to the presence 
of ferromagnetism which is beyond the scope of this study.  
Thermoelectric Properties of Cr-doped MnTe: Evidence for Magnon-bipolar Carrier Drag 
According to the earlier discussion of the magnetic susceptibility, heat capacity, and Hall 
properties, a low Cr-doped MnTe is a good material system for studying the bipolar carrier drag 
by magnons.  
To investigate the impact of the magnon-bipolar carrier drag on the thermoelectric transport 
properties of Cr-doped MnTe samples, we measured their temperature-dependent electrical 
resistivity, thermal conductivity, and thermopower. The electrical conductivity and thermopower 
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Figure 6: (Left panel) Temperature-dependent carrier concentration of MnTe-x%Cr samples (x=0, 4, and 20), 
(Right Panel) the absolute value of the Hall voltage showing the switching of carrier type between p and n-type. 
of MnTe-x%Cr are shown as a function of temperature in Figure 7, which shows a good agreement 
with previously published data [18] as well as Hall properties shown in Figure 6.  
According to the electrical conductivity trends, Cr-doping reduces the p-type conductivity (σp) of 
MnTe due to the Cr3+ oxidation state, which makes Cr a donor type dopant [19,25]. As mentioned 
earlier, Cr-doping reduces total carrier concentration by compensating the acceptor centers and 
hence reduces the electrical conductivity. After the initial reduction of electrical conductivity in 
the MnTe-3%Cr sample, electrical conductivity increases with the increase of Cr-doping due to 
the rise in n-type conductivity (σn) and conductivity of MnTe-20%Cr becomes higher than that of 
MnTe. This trend is also supported by the Hall data, where it is observed that n-type carrier 
concentration increases with the increase of Cr-doping and MnTe-20%Cr has a higher carrier 
concentration than that of MnTe. Cr-doped MnTe samples exhibit semiconducting nature in 
electrical conductivity, while MnTe shows an extrinsic to intrinsic transition in electrical 
conductivity at around Néel temperature. Saturation of the conductivity in MnTe after transition 
temperature can be attributed to the spin-disorder scattering of the carriers [37]. n-Type carrier 
nature of Cr-doped MnTe samples is observed in the thermopower data. In general, the electrical 
conductivity of Cr-doped MnTe is suffered from bipolar effect.  
Temperature-dependent thermopowers of MnTe-x%Cr samples demonstrate a significant 
reduction due to the bipolar effect at lower temperatures. In contrast, that of the MnTe sample 
shows a small drop due to bipolar effect only at higher temperatures. Thermopower of undoped 
MnTe shows a distinct magnon-drag contribution below the Néel temperature (~307K); it 
increases with temperature, saturates at TN, and continues growing with a small slope. The 
extension of the excess thermopower above the TN has been attributed to the paramagnon-drag 
effect [13]. The thermopower starts declining at around 550K due to the temperature-induced 
bipolar effect. The thermopower trend in Cr-doped MnTe is different than that of MnTe due to the 
magnon-bipolar carrier drag effect. They show almost no sign of magnon-drag below or at around 
Figure 7: Electrical conductivity (left) and thermopower (right) of different MnTe-x%Cr samples as a function 
of temperature. Inset shows low temperature thermopower (10-350K) of MnTe-5%Cr. Both conductivity and 
thermopower demonstrate the impact of bipolar effects. 
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300 K, where the magnon heat capacity shows the maximum value. Both carrier concentration and 
electrical conductivity data confirm the bipolar semiconducting nature in Cr doped MnTe samples. 
The heat capacity confirms the presence of magnon at around 300K. Therefore, the reduction in 
total thermopower observed in Cr doped MnTe samples supports the concept of magnon-bipolar 
carrier drag effect. The decline is also in agreement with the theoretical formulation.  
The magnon-bipolar carrier drag effect is similar to the phonon-bipolar drag effect (illustrated in 
Figure 1). Here, the sign of the magnon-drag thermopower is dependent on the type of the carriers 
dragged by the magnon. Magnon-hole drag provides a positive contribution to the total 
thermopower, while magnon-electron drag provides a negative contribution. Therefore, the overall 
thermopower performance of Cr doped MnTe deteriorates below and around the transition 
temperature. MnTe-3%Cr shows a small positive thermopower at around 300K with almost no 
amount of net magnon drag thermopower. MnTe-4%Cr and MnTe-5%Cr show nearly zero 
thermopowers at approximately 200K, which extends up to 10K (see inset of Figure 7(right)). The 
magnon-bipolar effects have suppressed both the diffusion and drag thermopower in these 
samples. In the low-temperature region, Hall voltage also changes sign a couple of times for the 
low Cr-doped MnTe sample, which is also the indicator of the near intrinsic transport and the 
bipolar carrier conduction. The Hall voltage is sensitive to the carrier type. It goes back and forth 
between the hole- and electron-dominant voltage presumably due to the changes of the Fermi 
energy or the band structure when the Fermi is near the intrinsic level. The thermopower is too 
small, and the measurement sensitivity is not adequate to display such variations. Overall, MnTe 
with lower Cr-doping shows reduced thermopower due to a more balanced electron and hole 
magnon-bipolar carrier drag where the Hall data indicate two-carrier conduction. 
Interestingly, MnTe-14%Cr and MnTe-20%Cr show small negative magnon-electron drag 
thermopower at around 300 K (shown in Figure 8), which indicates the increase of magnon-
electron drag over magnon-hole drag. The higher Cr-doped MnTe samples show negative 
thermopower at lower temperatures due to the dominant n-type transport. These trends 
demonstrate the existence of the magnon-bipolar drag effect. Here, it is essential to note that 
magnon-drag in MnTe-x%Cr is caused by the AFM magnon from Mn-Mn interaction, which 
maximizes at around 300 K. Heat capacity data shows insignificant or near-zero FM magnons 
contribution from FM exchange interactions. Therefore, there is a loose relationship between the 
observed magnon-carrier drag thermopower in MnTe-x%Cr and their corresponding magnetic 
transition temperatures, which are associated with their FM nature discussed in the earlier section. 
Hence, the temperatures associated with the peak of the magnon-carrier drag thermopower in 
MnTe-x%Cr can be different from their respective Curie temperatures. For MnTe-14%Cr and 
MnTe-20%Cr samples, negative thermopower continues until up to around 650 K and 730 K, 
respectively.  The sign change for the thermopower of Mn1-xCrxTe (x=0.14 and 0.20) samples 
occurs due to the excitation of the carriers at higher temperatures, which introduces temperature-
induced bipolar effect on thermopower, as Cr-doping reduces the bandgap of MnTe (refer to the 
bandgap measurement analysis in appendix). Interestingly, for the low-doped MnTe samples 
(%Cr<6), thermopower at paramagnetic domain follows the trends of MnTe, and at high 
temperatures, thermopower reaches the value of thermopower of the pristine MnTe. The shift of 
the thermopower rise to higher temperatures among different doped samples correlates with their 
hole concentrations (and how close they are to the intrinsic regime), i.e., the lower the hole 
concentration (or, the higher the intrinsic character), the rise is shifted to a higher temperature, 
where the contribution from the thermally excited holes takes over the trend of the thermopower. 
In general, with the increase of Cr-doping, thermopower becomes more negative at lower 
temperatures, and its magnitude is reduced at higher temperatures.  
 
Figure 8: Magnon-electron drag thermopower of MnTe-14%Cr (blue) and MnTe-20%Cr (black) samples. 
Like electrical conductivity and thermopower, bipolar conduction can also affect thermal 
conductivity (shown in Figure 1). Figure 9 presents the thermal conductivity of Cr-doped MnTe 
samples. The thermal conductivity of MnTe initially reduces upon 3% Cr doping and then 
increases with the increase of Cr doping, which can be attributed to the bipolar conduction effect. 
A more detailed theoretical study is needed on thermal conductivity, as it has contributions from 
phonons, charge carriers, and magnons. Theoretical study to determine the contribution of each 
component is, however, beyond the scope of the current study. According to the literature [38], 
near the transition temperature, the scattering of phonons by spin disorder is strong; however, the 
magnon contribution to the total thermal conductivity is small due to the small magnon mean free 
path of MnTe. According to electrical conductivity and carrier concentration, electronic 
contribution to the total thermal conductivity increases with the increase of the Cr-doping as well 
as the temperature, which can at least partially explain the rise of the total thermal conductivity 
versus Cr-doping by attributing to the bipolar carrier conduction effect. The initial reduction in 
thermal conductivity with low Cr doping (3% at) may be attributed to the introduction of impurity 
scattering and/or alloy scattering, which may not be increased significantly with the increase in 
Cr-doping. The thermal properties of the MnTe samples are mainly dominated by the lattice 
component through phonon dynamics [39]. Overall, thermal diffusivity, as well as thermal 
conductivity, reduces with increasing the temperature due to a higher three phonon scattering at 
elevated temperatures. 
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 Figure 9: Thermal conductivity of MnTe-x%Cr samples as a function of temperature. 
Finally, the thermoelectric power-factor and figure of merit (zT) are calculated from the measured 
quantities, which also suffer from the magnon-bipolar carrier drag effect. Thermoelectric power 
factor (PFT) is the product of the square of thermopower (S), electrical conductivity (σ), and 
temperature (T) (𝑃𝐹𝑇 = 𝑆2𝜎𝑇). On the other hand, the thermoelectric figure of merit is a 
dimensionless quantity that measures the performance of the thermoelectric materials from the 
material properties. Thermoelectric figure of merit is defined by 𝑧𝑇 =
𝑆2𝜎
𝜅
𝑇. Figure 10 compares 
the power factor and figure of merit of the samples, respectively. As expected, they both follow 
similar trends as those of the electronic and thermal properties of the samples. MnTe has a higher 
power factor as well as higher zT among all samples. Among other samples, 3% Cr doped MnTe 
shows better thermoelectric behavior. With the increase of Cr content, thermoelectric behavior 
degrades significantly due to loss of carrier concentration and the bipolar magnon carrier drag. 
Both MnTe-14%Cr and MnTe-20%Cr show an abrupt change in the power factor and zT due to 
the thermopower sign change from n-type conductivity to p-type. The reduction in the thermal 
conductivity of Mn0.97Cr0.03Te did not improve its zT due to the dominance of the bipolar effects 
in both electrical conductivity and thermopower, which is consistent with the previous reports [40]. 
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 Figure 10: Thermoelectric power factor times temperature (PFT) and thermoelectric figure-of-merit (zT) 
as a function of temperature for different MnTe-x%Cr samples. 
Experimental evidence for Relaxation Time Independent Magnon-bipolar Carrier Drag 
Thermopower in Intrinsic Magnetic Semiconductors 
Besides the prediction of the reduction of total thermopower due to the magnon-bipolar carrier 
drag, the theoretical model also predicts that the total thermopower for the intrinsic magnetic 
semiconductor with magnon-bipolar carrier drag is independent of the carrier and magnon 
relaxation times. To verify this prediction experimentally, we made two MnTe-5%Cr samples with 
different densities of 5.97g/cm3 and 5.82 g/cm3, which are 99.5% and 96.9% of the ideal density, 
respectively. As discussed in the sample preparation section, a low-density sample was sintered at 
950°C with a short soaking time of 10 mins, and under a lower pressure of 17MPa. The high-
density sample was soaked for 20 min under higher pressure of 50MPa. The low-density sample 
can experience smaller grain growth during sintering and less healing of defects at the grain 
boundaries. Therefore, the low-density sample has a higher density of interface defects, which 
would impact the carrier and magnon relaxation times. Thus, the associated carrier and magnon 
relaxation times are expected to be significantly different in the two samples due to the large 
difference in their crystal defects. The variations of the crystal defects may also lead to a variation 
of the scattering exponent; however, this change must be insignificant due to the similarity of the 
scattering mechanisms. Therefore, per equ. (11), the two Mn0.95Cr0.05Te samples must provide 
similar thermopower trends, due to the insignificant changes in the carrier concentration and the 
scattering exponent, despite the significant changes in the relaxation times. Note that at low 
temperatures, the carrier generation from thermal excitation is insignificant; therefore, the carriers’ 
concentrations, as well as their effective masses, remains unchanged, which satisfies the conditions 
in (11). The electrical conductivity and thermopower were measured as a function of temperature 
for the two MnTe- 5%Cr samples as compared in Figure 11 along with other low Cr-doped samples 
(MnTe-3%Cr and MnTe-4%Cr).  
 Figure 11: Comparison of the electrical conductivity and thermopower of low and high-density MnTe-5%Cr 
samples along with 3%Cr and 4%Cr doped MnTe. 
The temperature and soak time can affect the dopant substitution in general. The data show 
different trends for the electrical conductivity of 3%, 4%, and 5% doped samples. Among them, 
the 3% doped sample has the highest p-type conduction evidenced by its higher electrical 
conductivity and higher thermopower data. The dopant compensation is higher in the 4% doped 
sample, i.e., it has less hole concentration than the 3% doped sample. This sample has still p-type 
conduction but at a lower concentration, as evidenced by its thermopower, which remains low due 
to bipolar conduction up to a higher temperature. Above approximately 500 °C, the contribution 
from the excited holes dominates over that of the electrons, and the thermopower increases. The 
5% doped sample shows even less p-type conduction as the thermopower remains low up to higher 
temperatures compared to those of the 3% and 4% doped samples. The electrical conductivity of 
the 4%Cr and low-dense 5%Cr dense samples are comparable within the experimental tolerances 
and the variations of the carrier mobility of different samples. Due to the similar conductivity 
above 500K, it can be concluded that the low density 5%-doped MnTe sample has a similar carrier 
concentration as the high-density sample while having a higher defect scattering near and below 
the room temperature where the magnon-bipolar carrier drag exists and shows a carrier relaxation 
time-independent nature. 
At high temperatures, where phonon scattering is dominant, both samples show almost similar 
conductivity. At 300K, where the magnon-drag exists, the difference in the conductivities is more 
than three times. Assuming same carrier concentration for both samples, the difference in the 
electrical conductivities is coming from the difference in the carrier relaxation times. It can be seen 
that while the carrier relaxation times are ~3X different in the two samples, the thermopowers are 
close within the experimental tolerances, which agrees well with the predicted low sensitivity of 
the bipolar magnon drag to the relaxation times. Note that both samples have the same elemental 
composition; therefore, the difference in the relaxation times must be arising due to the scattering 
from defects and grain boundaries. As expected, the thermopowers of the two samples are closely 
matched and follow the same trend below 600K. This trend evidence two findings: (i) insignificant 
impact of the grain boundary scattering on magnon drag thermopower, and (ii) the negligible effect 
of the relaxation time on the total bipolar thermopower supporting equ. (11). Indeed, the first 
conclusion has also been reported for the case of the FM metals by Blatt et al. in 1967 [41] and 
Watzman et al. in 2016 [2]. They each showed that grain boundary scattering in FM metals (Fe 
first, then Ni and Co) affects thermopower only by suppressing phonon drag, with no impact on 
the diffusion or magnon drag contributions. 
Conclusion 
We presented the evidence for the existence of the magnon-bipolar carrier drag effect in intrinsic 
magnetic semiconductors. Magnon electron drag offers effective means to enhance the classical 
diffusive thermopower in the magnetic materials for thermoelectric applications. Magnon carrier 
drag in metals and degenerate semiconductors can add a significant advective thermopower to the 
diffusive one near the transition temperature – a process that has been commonly reported in the 
literature. However, magnon carrier drag in intrinsic semiconductors has not been studied as much. 
We showed both theoretically and experimentally that in such a case, the bipolar transport can 
adversely affect the overall magnon carrier drag thermopower. The thermopower expression for a 
bipolar magnetic semiconductor was formulated based on the diffusion and drag thermopower and 
the electrical conductivity of the electron and hole and found to be independent of both the carrier 
and the magnon relaxation times. For the proof of concept, detailed experiments were carried out 
on MnTe-x%Cr compounds with x = 0, 3, 4, 5, 14, and 20. Thermoelectric transport properties, 
Hall properties, heat capacity, and magnetic susceptibility measurements were performed to 
investigate the theoretically predicted conclusions for magnon-bipolar carrier drag thermopower. 
The chemical, optical, magnetic, electrical, and thermal transport properties of the Cr doped MnTe 
samples are studied from sample characterizations, including XRD and UV-Vis. The magnon-
bipolar drag was observed for all samples with a distinct magnon-electron drag component for 
higher Cr-doped samples. Due to the reduction of the hole concentration and the thermopower, Cr 
doping lowered the thermoelectric figure of merit despite the decrease of the thermal conductivity. 
Due to the co-existence of both ferromagnetic and antiferromagnetic phases, the heat capacity 
showed a magnon contribution like that of MnTe, while magnetic susceptibility demonstrated the 
existence of the dominating ferromagnetic phase only. The clustering of FM and AFM phases in 
MnTe-x%Cr samples can further modify the magnon-carrier interactions.     
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Appendix 
Sample Preparation 
MnTe-x%Cr samples with x = 0, 3, 4, 5, 14, and 20 were synthesized using 99.99% pure Mn, Te, 
and Cr powders along with a pristine MnTe control sample. Elemental powders were milled under 
the Ar environment in a tungsten carbide cup for 8 hrs at 650 rpm using a Fritsch P7PL planetary 
ball mill. The powders were subsequently annealed at 850°C for 24 hrs under vacuum in a rocking 
furnace. The annealed samples were crushed and milled again for 8 hrs. A homogenous MnTe 
phase without the general phase impurity of MnTe2 was achieved. The powders were loaded into 
graphite dies with a 6mm hole diameter inside an atmosphere-controlled glove box filled with Ar, 
and subsequently consolidated into cylindrical ingots using a spark plasma sintering (SPS) 
equipment located inside the same glove box. The SPS operation inside the glovebox ensures 
oxygen absence and prevents the highly probable reaction 2MnTe + ½ O2 → MnTe2+MnO. Spark 
plasma sintering was performed at approximately 50 MPa pressure at a constant heating rate of 60 
°C/min at a maximum temperature of 950 °C and the soaking time of 20 mins. O2 and H2O levels 
were always kept at < 0.01 ppm inside the glove box. All consolidated ingots had >97% density 
of the ideal value. To demonstrate the relaxation time-independent thermopower in the intrinsic 
magnetic semiconductor, we have synthesized low-density MnTe-5%Cr (ρ = 5.82 g/cm3) with 
short soaking time (10mins), under lower pressure (17MPa), at 950°C. The short soak time leads 
to smaller grain growth; consequently, it may result in smaller grains size to enhance the crystal 
defects intentionally. 
Characterization of the Samples 
X-ray diffraction (XRD) patterns were collected using Rigaku Miniflex with Cu-Kα radiation at 
0.154 nm wavelength and analyzed with PDXL software version 2.8.4.0 to extract different lattice 
parameters. All the XRD patterns are measured from a disk sample of 6mm diameter at a rate of 
5°/min within the range of 10°-90°. 
The optical bandgap of MnTe-x%Cr is measured with the optical spectroscopy using a UV-Vis 
spectrometer (Evolution 200) with a Xe light source and wavelength range of 190 nm – 1100 nm. 
The absorption coefficient (α) for the direct transition was measured for the powdered samples 
using an integrating sphere.  
Magnetic susceptibility was measured versus temperature and magnetic field with the vibrating 
sample magnetometry (VSM) method using the Quantum Design DynaCool 12T system. 
Temperature-dependent magnetic susceptibility (M-T) was measured from 2K to 400K at 1000 Oe 
under a vacuum environment. The susceptibility versus magnetic field (M-H) was measured at 
selected temperatures over -120 kOe to 120 kOe.  
The specific heat capacity (Cp) was measured using the Quantum Design DynaCool 12T heat 
capacity option from 2K-400K. Heat capacity for higher temperature was assumed based on the 
Dulong-Petit (DP) limit. 
Hall measurement was performed with the Van-der Pauw (VdP) method using Quantum Design 
DynaCool 12T. A thin disk (diameter 6 mm, thickness <0.6 mm) is cut from the ingot and 
measured the Hall data under 0T to obtain longitudinal resistivity and under 12T to obtain Hall 
resistivity. Longitudinal resistivity from VdP data is extracted numerically using zero-finding 
technique. Carrier concentration is calculated from the inverse of Hall coefficient times charge. 
Hall mobility is estimated using the single carrier formula.  
Electrical conductivity and thermopower were measured simultaneously with the standard 4-point 
probe method using Linseis equipment under the He environment from 200K to 850K. The original 
Linseis software calculates the thermopower from a single temperature difference (∆T) and voltage 
difference (∆V), which is quite often erroneous. Therefore, the measurement was performed for 
five different temperature differences, and each measurement was repeated four times and then 
averaged. The thermopower was calculated from the slope fitting to five separate temperature and 
voltage differences. The accuracy of the measurement was verified by inspecting the linear fit to 
the (∆V-∆T) data set.  
The thermal diffusivity (υ) was measured using the laser flash apparatus (Linseis) under a vacuum 
environment from 250K-900K. A thin disk (diameter 6 mm, thickness <0.7 mm) was cut from the 
cylindrical ingot to measure the thermal diffusivity in the same direction as that of the electrical 
conductivity and Seebeck coefficient. The mass density (ρ) was measured using the Archimedes 
method. The thermal conductivity (κ) was calculated using the relation κ=ρCpυ. The electronic 
contribution to thermal conductivity was estimated from the electrical conductivity using the 
Wiedemann-Franz law.  
XRD Patterns and Lattice Parameters of MnTe-x%Cr 
XRD data is illustrated in Figure S1. XRD analysis shows the polycrystalline phase of MnTe-
x%Cr with no phase impurity for x=3, and small traces of CrTe for the sample with x= 4, 5, 14, 
and 20. No evidence of Cr, MnO, or MnTe2 phases is observed. The positive shifts of the 
diffraction lines towards a higher angle indicate Mn substitution by Cr in MnTe. The 
corresponding lattice parameters are extracted from the XRD data analysis using the whole powder 
profile fitting (WPPF) method with internal standard (for angular correction) and illustrated in 
Figure S1 as a function of x% of Cr in MnTe. The presence of CrTe phase and lattice parameter 
trends reveal that all Cr ions did not substitute Mn ions, and hence the actual substitution can be 
different from the nominal amount of Cr. Nonetheless, less substitution of Mn by Cr is not 
demerited the theoretical concept and experimental evidence for magnon-bipolar carrier drag 
effect. To avoid the confusion, we plotted the figures with nominal values, as the actual substitution 
is not known and not the focus of the study. As such, we avoid using the compositional formula 
like Mn1-xCrxTe, which may raise the confusion of the complete substitution of Mn by Cr.  
Figure S1: XRD diffraction pattern for MnTe-x%Cr samples (x = 0, 5, 4, 5, 14, and 20), and the extracted 
lattice parameters a and c as a function of Cr percentage. A 0.5% error bar is applied to the lattice parameters. 
A comparison table is provided below to compare the obtained lattice parameters and magnetic 
transition temperature of MnTe-x%Cr samples studied in this work with previous literature. 
Table S1: Comparison of the lattice parameters and magnetic transition temperatures of different Cr-doped MnTe 
samples with the previous data reported in the literature. 
 Lattice Parameter, a (Å) / c (Å) Transition Temperature, TC (K) 
x% Cr This Work Ref. 18 Ref. 19 This Work Ref. 18 Ref. 19 Ref.24 
3 4.154/6.718 -/- -/- 174 -- -- -- 
4 4.153/6.715 -/- 4.143/6.699 259 -- 305 -- 
5 4.151/6.71 -/- -/- 278 -- -- ~180 
8 -/- -/- 4.139/6.673 -- -- 305 -- 
10 -/- 4.112/6.706 -/- -- ~190 -- ~200 
14 4.149/6.706 -/- 4.134/6.639 337 -- >380 -- 
15 -/- -/- -/- -- -- -- ~270 
20 4.145/6.7 4.091/6.688 -/- 295 ~210 -- -- 
 
Optical Bandgap of MnTe-x%Cr samples 
According to the literature, Mn substitution by Cr dopant reduces the bandgap of the hexagonal 
MnTe phase [24,25]. Therefore, optical bandgap measurement can be one evidence for achieving 
the Mn substitution by Cr. Note that the actual substitution can be different from the nominal, as 
mentioned in the section for the XRD analysis. Figure S2 shows optical absorption spectra, (αhυ)2, 
for direct transition as a function of photon energy, hυ, for MnTe-3%Cr and MnTe-14%Cr samples 
along with pristine MnTe at room temperature. The bandgap was estimated from the intersect of 
the absorption spectrum with the zero-absorption line. The absorption spectrum is extrapolated to 
lower energy to get the intersection and estimate the bandgap, as shown in the figure. The plot 
shows a direct optical bandgap of approximately 1.25±0.12 eV for MnTe, which agrees with the 
literature [18,19], with a red-shift as the x increases. The optical bandgap sharply drops to 0.79eV 
with the addition of 3%Cr in MnTe. The red-shift of the bandgap due to the increment of Cr-
doping has also been reported in the literature [18,24]. The estimated direct bandgaps for MnTe-
x%Cr are shown in Figure S2, which are approximately 0.79±0.08 eV, and 0.7±0.07 eV at x = 3 
and 14, respectively. All the values are calculated by a linear fit within the range shown in the 
figure. Cr can introduce an increment in the crystal-field splitting of the d-orbitals of MnTe, which 
can cause a decrease in the bandgap energy [18]. Also, the presence of some distinct absorption 
peaks in the UV-Vis spectra of MnTe-x%Cr samples, which are absent in the pristine MnTe, 
suggest the presence of possibly 3dn ions like Mn3+, Cr3+, or Cr2+ [42].  
  
 
 
 
 
 
 
 
 
 
 
Figure S2: UV-Vis optical absorption spectrum for MnTe-x%Cr samples at room temperature. 
Hall Mobility Analysis for MnTe-x%Cr 
According to the carrier concentration data, low Cr-doped MnTe samples have bipolar carrier 
conduction, while 14% and 20% Cr-doped samples have dominant n-type and MnTe has dominant 
p-type carrier conduction. Using the single-carrier model, one can determine the Hall mobility for 
the majority carriers. As we do not have any information about the effective mass of the carriers, 
we utilized the single-carrier model for all the measured samples despite the bipolar nature of the 
low doped samples. Therefore, the information acquired about the carrier mobility for low Cr-
doped MnTe samples can be misleading. Figure S3 demonstrates the calculated Hall mobility as a 
function of temperature and the logarithmic Hall coefficient as a function of the inverse 
temperature. According to [13], carrier mobility in MnTe is spin fluctuation dominated below the 
Neel temperature. At low temperatures, both Cr-doped MnTe samples, which have mixed 
contributions from electrons and holes, show lower mobility than undoped MnTe. Above 50K, the 
n-type carrier mobility of MnTe-20%Cr shows an ionized impurity scattering dominated trend, 
which saturates at around 1.2 cm2/Vs, higher than the mobility of p-type MnTe at the same 
temperature. This indicates that electrons have higher mobility than holes in MnTe. This difference 
in the Hall mobility can also be understood from the logarithmic plot of the Hall coefficient as a 
function of inverse temperature [43]. The logarithmic value of the Hall coefficient, log(RH), gives 
comparatively higher value in n-type regime if 𝜇𝑒 𝜇ℎ⁄ ≫ 1, and vice versa [43]. In MnTe-4%Cr, 
the carrier mobility has mixed information from the mixed carrier transport, the modification in 
the intrinsic Mn-vacancy concentration in doped MnTe. According to the Hall coefficient plot, it 
is likely that both electrons and holes experience higher mobility in MnTe-4%Cr. However, the 
carrier mobility of low Cr-doped MnTe calculated from the single-carrier model can be different 
than the actual carrier mobility, which requires more detailed analysis beyond the scope of this 
work. 
Figure S3: Temperature-dependent Hall mobility (left) and logarithmic Hall coefficient as a function of 
inverse temperature for MnTe-x%Cr samples (x = 0, 4, and 20). 
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